The V617F activating mutation of janus kinase 2 (JAK2), a kinase essential for cytokine signalling, characterizes Polycythemia vera (PV), one of the myeloproliferative neoplasms (MPN). However, not all MPNs carry mutations of JAK2, and in JAK2-mutated patients, expression of JAK2V617F does not always result in clone expansion. In the present study, we provide evidence that inflammation-linked cytokines are required for the growth of JAK2V617F-mutated erythroid progenitors. In a first series of experiments, we searched for cytokines overexpressed in PV using cytokine antibody (Ab) arrays, and enzyme-linked immunosorbent assays for analyses of serum and bone marrow (BM) plasma, and quantitative reverse transcription-PCRs for analyses of cells purified from PV patients and controls. We found that PV patients over-expressed anti-inflammatory hepatocyte growth factor (HGF) and interleukin-11 (IL-11), BM mesenchymal stromal cells (BMMSCs) and erythroblasts being the main producers. In a second series of experiments, autocrine/paracrine cytokine stimulation of erythroblasts was blocked using neutralizing Abs specific for IL-11 or c-MET, the HGF receptor. The growth of JAK2V617F-mutated HEL cells and PV erythroblasts was inhibited, indicating that JAK2-mutated cells depend on HGF and IL-11 for their growth. Additional experiments showed that transient expression of JAK2V617F in BaF-3/erythropoietin receptor cells, and invalidation of JAK2V617F in HEL cells using anti-JAK2 small interfering RNA, did not affect HGF and IL-11 expression. Thus, anti-inflammatory HGF and IL-11 are upregulated in PV and their overproduction is not a consequence of JAK2V617F. As both cytokines contribute to the proliferation of PV erythroblasts, blocking the c-MET/ HGF/IL-11 pathways could be of interest as an additional therapeutic option in PV.
Introduction
Myeloproliferative neoplasms (MPNs) constitute a group of three clonal diseases: Polycythemia vera (PV), essential thrombocythemia (ET) and primary myelofibrosis. About half of MPN patients present with activating mutations in the janus kinase 2 (JAK2) gene, which encodes for a tyrosine kinase essential for the signalling of many cytokines (Baxter et al., 2005; James et al., 2005; Kralovics et al., 2005) . Among MPNs, PV is characterized by an excessive production of erythrocytes, resulting in an elevated hematocrit associated with variable leukocytosis and thrombocytosis. Activating mutations of JAK2, most often V617F (JAK2V617F), are found in 495% of PV cases. It is well established that erythroid differentiation depends on erythropoietin (Epo) and that JAK2 is the main signal transducer activated by Epo receptors (Epo-Rs). Yet, in murine models, JAK2V617F is associated with polycythemia only when expressed at high levels (450% JAK2V617F-mutated alleles), whereas a significant proportion of PV patients carry o50% JAK2V617F (Lacout et al., 2006; Lippert et al., 2006; Wernig et al., 2006; Tiedt et al., 2008) . We now know that the JAK2V617F mutation is frequently associated with other molecular genetic abnormalities and that the JAK2V617F mutation can occur several times in certain patients; moreover, the presence of JAK2V617F does not ensure expansion of mutated progenitors (Nussenzveig et al., 2007; Kralovics, 2008; Lambert et al., 2009; Schaub et al., 2009; Cleyrat et al., 2010) . Hence, the role of JAK2V617F in MPN and the consequences of its expression in hematopoietic progenitors remain incompletely understood.
Recently, a particular haplotype of chromosome 9p including the gene JAK2, called the '46/1' or 'GGCC' haplotype, was found to be associated with a predisposition to MPN, with or without mutation of JAK2 (Jones et al., 2009; Kilpivaara et al., 2009; Olcaydu et al., 2009) . The '46/1' haplotype is also associated with chronic inflammation, notably inflammatory bowel disease (Ferguson et al., 2010) . Interestingly, although most evident in primary myelofibrosis, signs of chronic inflammation, such as increased production of inflammatory cytokines, interleukin (IL)-6 and vascular endothelial growth factor, are also observed in PV and in ET (Wickenhauser et al., 1999; Musolino et al., 2002; Panteli et al., 2005; Le Bousse-Kerdile´s and Martyre´, 1999) . Inflammation-associated symptoms were long considered consequences of activating mutations of JAK2, but recent clinical trials of JAK2 antagonists showed that drugs not strictly specific for JAK2 were most efficient in reducing inflammation-linked cytokine levels and symptoms, indicating that molecules other than JAK2 were likely involved (Tefferi, 2010) . We begun to investigate the possible stimulation of PV progenitors by inflammation-linked, JAK2-activating cytokines because of previous observations of high messenger RNA (mRNA) levels of JAK2 in patients with erythrocytosis, either reactive or secondary (secondary erythrocytosis (SE)-high expression of JAK2 wild type (JAK2WT)) or primary (PV-high expression of both JAK2WT and JAK2V617F) (Lippert et al., 2006) . In PV, high mRNA expression of JAK2 could be due to multiple copies (42 per cell) of the JAK2 gene, but this concerns a small minority of patients (Najfeld et al., 2007) . As JAK2V617F is not sufficient for the development of the PV phenotype and by analogy with SE with increased Epo secretion, we reasoned that increased JAK2 mRNA expression in PV could be due to chronic stimulation by proerythroid, JAK2-activating cytokines other than Epo, which is low or undetectable in PV. To investigate this hypothesis, we used cytokine arrays to compare profiles of blood serum, bone marrow (BM) plasma and culture supernatants of BM mesenchymal stromal cells (BMMSCs) from PV and SE patients. Several proerythroid molecules were found to be overexpressed in PV: all were known to be linked to inflammation and were produced by BMMSCs or/and by hematopoietic progenitors themselves. These molecules were studied at the protein and mRNA levels using enzyme-linked immunosorbent assays (ELISAs) and quantitative reverse transcription-PCRs in purified cells: BMMSCs, CD34 þ progenitors, glycophorin Apositive (GPA þ ) erythroblasts and CD3 þ lymphocytes. Relevance to the pathogenesis of PV was investigated by studying the effects on in vitro growth of JAK2V617F-mutated erythroblasts. In addition, transfection of JAK2V617F in BaF-3/Epo-R cells, and anti-JAK2 small interfering (si)RNA in JAK2V617F-mutated HEL cells, was used to determine whether their production was a consequence of JAK2V617F.
Results
Over-expression of HGF and IL-11 in biological samples from PV patients First, cytokine arrays were used to analyse cytokine expression in pools of serum from PV patients, compared with SE patients and healthy donors (HDs), and in pools of BM plasma from PV patients, compared with SE patients (Supplementary Figure 1) . SE and PV differed from HD in having high levels of IL-8, leptin and macrophage chemotactic protein-1 (MCP-1) in serum. PV differed from SE in having high levels of hepatocyte growth factor (HGF) in serum, and high levels of tissue inhibitor of metalloproteases-1 (TIMP-1) in BM plasma. IL-8, leptin, MCP-1, HGF and TIMP-1 are molecules linked to inflammation, as was IL-11, previously reported elevated in PV (Hermouet et al., 2002; Corre-Buscail et al., 2005) .
Second, IL-8, leptin, MCP-1, HGF, TIMP-1, IL-11 and also IL-6, a major pro-inflammatory cytokine, were measured in PV and SE using ELISAs and levels were compared with those of HD. As shown in Table 1 , analysis of serum of SE and PV patients confirmed high levels of IL-8, leptin, HGF and MCP-1; TIMP-1 levels were low. PV differed from SE by lower levels of leptin in serum (male patients only) and higher levels of IL-11 and HGF. For comparison, IL-11 and HGF measured in the serum of 15 ET patients were either not detected (IL-11) or comparable to values observed for control SE patients: median serum HGF values, in pg/ml, were 1380 in SE (n ¼ 34) and 1594 in ET (n ¼ 15) vs 4673 in PV (n ¼ 49). TIMP-1 levels were confirmed as elevated in PV compared with SE only in BM plasma. Although serum IL-6 was elevated for some PV patients, overall IL-6 levels were not found to be significantly high in PV.
Of the three molecules confirmed as elevated in PV by ELISA, HGF and IL-11 seemed to be most interesting. Indeed, it was established that HGF could induce IL-11, an established stimulant of erythropoiesis (Quesniaux et al., 1992; Schwertschlag et al., 1999; Matsuda-Hashii et al., 2004; Ishii et al., 2007) . In PV patients, serum levels of HGF and IL-11 were correlated with blood neutrophil counts (n ¼ 21, r ¼ 0.71, Po0.005) and hematocrit (n ¼ 45, r ¼ 0.43, Po0.01), respectively. Consequently, the rest of the study focused on HGF and IL-11.
Sequential production of HGF, IL-11, IL-6 and IL-8 by PV BMMSCs According to the literature, HGF induces the production of IL-11 and TIMP-1, IL-11 induces expression of IL-6 and IL-8, and TIMP-1 acts on the cleavage and activation of HGF. Accordingly, BM plasma levels of IL-11, IL-6 and IL-8, as well as serum levels of TIMP-1 and HGF (Table 1) , were correlated in PV (IL-11/IL-6: n ¼ 29, r ¼ 0.51, Po0.01; IL-11/IL-8: n ¼ 60, r ¼ 0.43, Po0.01; TIMP-1/HGF: n ¼ 32, r ¼ 0.42, P ¼ 0.02).
Regulation of IL-11 by HGF and that of IL-6 and IL-8 by IL-11 were studied in BMMSCs, an established source of cytokines linked to inflammation. ELISA performed on supernatants of 31 BMMSC cultures (12 PV, 5 idiopathic erythrocytosis (IE), 14 SE) confirmed that IL-11 and IL-8 were present at high levels in supernatants of PV BMMSCs, but detected little or no HGF (Table 1) . IL-11 and IL-8 levels were correlated in BMMSC supernatants (n ¼ 31, r ¼ 0.74, Po0.01). BMMSC cultures (4 PV, 2 IE, 9 SE) were then stimulated either with HGF to study production of IL-11 and TIMP-1, or with IL-11 to study production of IL-6 and IL-8. Exposure to HGF increased IL-11 and TIMP-1 produced by PV BMMSCs (Figures 1a and b , respectively), whereas exposure to IL-11 significantly increased the production of both IL-8 and IL-6 (Figures 1c and d, respectively) .
To verify that PV BMMSC cultures did not contain clonal, JAK2V617F-mutated cells, BMMSCs of five PV patients with blood granulocytes positive for JAK2V617F were tested for the presence of JAK2V617F: all expressed only JAK2WT.
High mRNA expression of HGF and IL-11 in purified erythroblasts from PV patients We also studied CD3 þ lymphocytes, previously described as producers of IL-11 in PV (Ishii et al., 2007) ; CD34 þ progenitor cells; and GPA þ erythroblasts, all purified from the BM of six PV patients and seven SE controls. The %JAK2V617F measured in granulocyte DNA of the six PV patients ranged from 10 to 77%.
Expression of HGF, IL-11 and IL-6 mRNAs was studied using reverse transcription-quantitative PCRs (Figure 2 ). In PV and in SE, BMMSCs were high producers of HGF and IL-6 (Figure 2a) . Although protein levels of IL-11 measured by ELISA in supernatants of cultured BMMSCs were clearly higher in PV than in SE, no significant difference was detected in IL-11 mRNA levels in BMMSCs from PV and SE patients (Figure 2a) . In BM CD3 þ lymphocytes ( Figure 2b ) and in CD34 þ progenitors (Figure 2c ), mRNA expression of HGF, IL-11 and IL-6 was negligible. The BM origin of CD3 þ lymphocytes in our series may explain the discrepancy with the results of Ishii et al. (2007) , who studied blood T-lymphocytes. In contrast to other cell types, PV GPA þ erythroblasts expressed high mRNA levels of both HGF and IL-11 (Figure 2d ). In PV and SE erythroblasts, mRNA levels of HGF, IL-11 and IL-6 were correlated (r ¼ 1.00, Po0.02 each). No correlation was found between JAK2V617F (% or mRNA levels), measured in each cell type, and HGF, IL-11 or IL-6 mRNA levels. Abbreviations: BM, bone marrow; BMMSC, BM mesenchymal stromal cells; HGF, hepatocyte growth factor; IE, idiopathic erythrocytosis; IL, interleukin; MCP-1, macrophage chemotactic protein-1; ND, not done; PV, Polycythemia vera; SCF, stem cell factor; SE, secondary erythrocytosis; TIMP-1, tissue inhibitor of metalloproteases-1. For each patient, cytokine values were averages of duplicate or triplicate measures. Data are expressed as mean±s.d. of cytokine values of groups of patients. For healthy donors, cytokine values in serum were, respectively: IL-11, 0-5 pg/ml; IL-8, 0-20 pg/ml; IL-6, 0-12 pg/ml; SCF, 550-1440 pg/ml; HGF, 663-1283 pg/ml; leptin (men), 2200-7800 pg/ml; TIMP-1, 259 000-661 000 pg/ml; MCP-1, 109-139 pg/ml. BM plasma values for healthy donors were not defined and SE values were used as controls. Because only three SE patients were female, PV and SE leptin levels were compared only for male patients. Serum leptin levels of female PV patients (22 061 ± 15 321 pg/ml) tended to be higher than those of female healthy donors (10 000±7300 pg/ml), but differences were not significant. *Po0.05 compared with s.e.; **Po0.05 compared with healthy donors, Mann-Whitney's rank sum test.
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Increased expression of gp130 and STAT3 mRNAs in purified PV erythroblasts Expression of c-MET (the HGF receptor), glycoprotein (gp)130 (the receptor chain shared by IL-11 and IL-6), JAK2WT, JAK2V617F, signal transducer and activator of transcription (STAT)3 and STAT5 was analysed in BMMSCs, in CD3 þ lymphocytes and in purified BM progenitors using reverse transcription-quantitative PCRs. No significant difference in expression of total JAK2, STAT3 or STAT5 was observed between PV and SE in BMMSCs, CD3 þ lymphocytes and CD34 þ progenitors (not shown). In these cell types, there was no correlation between mRNA levels of HGF, c-MET, IL-11, IL-6, gp130, total JAK2, STAT3 or STAT5. In purified GPA þ erythroblasts, mRNA levels of c-MET, total JAK2 and STAT5 were similar in PV and in SE (Table 2 ). In contrast, mRNA levels of gp130 and STAT3, both activated by IL-11 and IL-6, were significantly elevated in PV erythroblasts. Moreover, in PV erythroblasts mRNA levels of c-MET, HGF, IL-11 and IL-6 were correlated, as were mRNA levels of HGF, IL-6, gp130 and STAT5 (Supplementary Table 3) . No correlation was found with JAK2V617F mRNA levels. Taken together, correlation between HGF, IL-11 and IL-6 mRNA levels and increased HGF, IL-11, gp130 and STAT3 mRNA expression was consistent with activation of an HGF/c-MET/IL-11/IL-6/gp130/STAT3 cascade in PV erythroblasts.
Inhibition of in vitro growth of PV erythroid progenitors and HEL cells by neutralizing Abs directed against c-MET and IL-11
We previously reported that neutralizing anti-IL-11 antibody (Ab) could block BFU-E and CFU-E growth in cultures of BM mononuclear cells (BMMCs) from PV patients, indicating partial dependence of PV erythroid progenitors on IL-11 (Corre-Buscail et al., 2005) . HGF was blocked using neutralizing Ab directed against c-MET in cultures of HEL cells, which are homozygous for JAK2V617F and in liquid cultures of purified GPA þ erythroblasts from four patients with JAK2V617F-mutated PV (JAK2V617F allelic ratio: 37, 91, 95 and 98%) (Figure 3 ). Compared with control cultures without Ab, the number of viable cells in PV cultures incubated for 24h with anti-c-MET Ab (2mg/ml) was consistently decreased by more than 40%. Decreased viability in the presence of anti-c-MET Ab concerned JAK2V617F-mutated cells, as it was observed for HEL cells (100% JAK2V617F-mutated) and for purified erythroblasts of PV patients, three with 490% cells bearing the JAK2V617F mutation. A similar inhibition of HEL and PV erythroblast growth was also observed with anti-IL-11 Ab (2 mg/ml). Anti-IL-8 Ab (2 mg/ml)-used as a control Ab-had no effect in these conditions. Incubation of erythroblasts from SE patients with anti-c-MET Ab and anti-IL-11 Ab resulted in no inhibition (two patients) or a weak (À20%) inhibition (one patient) of erythroblast growth. BMMSCs of a PV patient, after exposure to HGF (10 ng/ml) for 24 h; (b) TIMP-1 secretion by BMMSCs of a PV patient, after exposure to HGF (30 ng/ml) for 24 h; (c) IL-8 secretion by PV (n ¼ 4), IE (n ¼ 2) and SE (n ¼ 9) BMMSCs exposed to IL-11 (10 ng/ml) for 48 h; (d) IL-6 secretion by PV (n ¼ 4), IE (n ¼ 2) and SE (n ¼ 9) BMMSCs exposed to IL-11 (10 ng/ml) for 48 h. (c, d) Horizontal bars represent median values. *Differences in cytokine production are significant (Po0.05, Mann-Whitney's rank sum test).
Role of HGF and IL-11 in Polycythemia vera M Boissinot et al JAK2V617F independence of HGF and IL-11 expression First, HGF level was measured in blood serum of three PV patients who were found to be positive for endogenous erythroid colonies, but who carried no mutation of JAK2 (negative for V617F and exon 12 mutations). For 2/3 of these 'JAK2WT' patients, serum Anti-cMET Ab Anti-IL-11 Ab Anti-IL-8 Ab Na84 Na101 Na51 Na187 95% 98% 37% 91% JAK2V617F Figure 3 In vitro effects of neutralizing anti-c-MET and anti-IL-11 Abs on JAK2-V617F-mutated erythroid cells. Viable cells excluding trypan blue were enumerated in triplicate before and after 24-h incubation without Ab or with anti-c-MET, anti-IL-11 or anti-IL-8 Ab (used as a control Ab) (2 mg/ml each). (a) HEL cells (100% JAK2V617F) kept in RPMI medium and FCS. (b) GPA þ erythroblasts purified from frozen BMMCs of four JAK2V617F-positive PV patients (Na84, Na101, Na51, Na187, with 91, 37, 98 and 95% JAK2V617F, respectively) and kept in IMDM and FCS without Epo. Data shown are means ± s.d. of three independent cultures. *Po0.05 compared with culture with control anti-IL-8 Ab (Student's t-test).
Role of HGF and IL-11 in Polycythemia vera M Boissinot et al HGF was found to be elevated (3216 and 4795 pg/ml) and comparable to the average serum HGF level of JAK2V617F-positive PV patients (4409 pg/ml, vs less than 1285 pg/ml in HDs). Second, HGF, IL-11 and IL-6 mRNA expression was studied in HEL and UKE-1, two human cell lines homozygous for the JAK2V617F mutation. As shown in Table 2 , high expression of IL-6, IL-11 or HGF was observed in HEL, but not UKE-1, indicating that homozygosity for JAK2V617F is not sufficient to induce high expression of HGF, IL-11 and IL-6 (of note, UKE-1 cells were derived from a patient initially diagnosed with ET).
Third, we used anti-JAK2 siRNA to block expression of JAK2V617F in HEL cells. As shown in Figure 4a , JAK2V617F mRNA expression was almost abolished. JAK2 expression was also inhibited at the protein level, by up to 70%, and a modest inhibition of cell survival was observed (Supplementary Figure 2) . RT-qPCR and ELISA analysis of mRNA and protein expression showed that levels of HGF, IL-11 and IL-6 were not affected by invalidation of JAK2V617F (Figures 4b-d,  Supplementary Figure 2) .
Fourth, the effects of JAK2V617F were studied in murine BaF-3/Epo-R cells ( Figure 5 ). Both WT and V617F human JAK2 were successfully expressed in BaF-3/Epo-R cells, as assessed by allele-specific RTqPCR and western blotting analysis, which showed a clear increase in tyrosine phosphorylation of JAK2 in JAK2V617F transfectants (Figure 5a ). In comparison, the increase in tyrosine phosphorylation of STAT5 and STAT3 in BaF-3/Epo-R cells expressing JAK2V617F was modest. Expression in BaF-3/Epo-R cells of wildtype and V617F-mutated JAK2, as well as another JAK2 mutant, JAK2L611V/V617F (Cleyrat et al., 2010) , had no effect on mRNA expression of murine IL-11 or HGF, the latter remaining below detection level (Figure 5b) . However, all forms of JAK2 induced a moderate increase in mRNA and protein levels of murine IL-6. Thus, JAK2WT and, to a lesser extent, JAK2V617F and other JAK2 mutants may induce expression of pro-inflammatory IL-6 in certain cell types, but have no effect on anti-inflammatory HGF and IL-11.
Last, we analysed HGF serum levels in PV patients in relation to JAK2V617F allelic burden; SE and ET patients negative for JAK2V617F were used as controls (Table 3 ). JAK2V617F-negative ET patients showed a moderate elevation of serum HGF levels, as did SE patients. HGF serum levels were further and similarly elevated for ET and PV patients with 1-50% JAK2V617F, with no correlation between serum HGF level and %JAK2V617F. PV patients with the highest serum HGF levels (43500 pg/ml) had the highest JAK2V617F allelic burden: 58.7% ± 27 vs 41.0% ± 28.9 for PV patients with o3500 pg/ml (P ¼ 0.044), also with no correlation between serum HGF level and %JAK2V617F. Consistent with the upregulation of HGF being independent of JAK2V617F, a high secretion of HGF (43500 pg/ml HGF) was typical of PV À2 or 10 À1 mM of human JAK2 siRNA, then mRNA levels of JAK2, IL-6, IL-11, HGF and RPLP0 were quantified using reverse transcription-quantitative PCRs (see Materials and methods) and expressed as copies per 1000 RPLP0 mRNA copies. Data shown are means of at least two determinations; these experiments were repeated twice, with similar results. Student's t-test was used to analyse data; Po0.05 was statistically significant. (a) JAK2 mRNA levels; (b) IL-6 levels; (c) IL-11 mRNA levels; (d) HGF mRNA levels (note the change of scales). *P-value o0.05, compared with the control and 10 À4 mM conditions.
Role of HGF and IL-11 in Polycythemia vera M Boissinot et al with 450% JAK2V617F, but was also observed with a lesser frequency, in other categories of patients, including JAK2V617F-negative PV, ET and SE. Hence, similar to very high hematocrit levels, high serum HGF was found to be associated with a high %JAK2V617F, but JAK2V617F was neither required nor sufficient (UKE-1 cells; BaF-3/Epo-R transfectants) to induce HGF production. Rather, a high level of HGF in serum may be considered as a marker of the size of the MPN clone and disease severity.
Discussion
Upregulation of inflammation-linked cytokines-IL-6, IL-10, vascular endothelial growth factor and tumor necrosis factor alpha-is now well established and is generally assumed to be a consequence of JAK2V617F. Yet, symptoms of chronic inflammation are observed both in JAK2V617F-mutated MPN and in MPN with no mutation of JAK2, particularly primary myelofibrosis (Geissler et al., 1998; Le Bousse-Kerdile´s and Martyre´, 1999; Wickenhauser et al., 1999; Hermouet et al., 2002; Musolino et al., 2002; Corre-Buscail et al., 2005; Panteli et al., 2005) . The findings of the present study of PV patients support the opposite reasoning, that is, that upregulation of certain cytokines linked to inflammation is independent of the acquisition of the JAK2V617F mutation. This is consistent with recent reports that certain anti-JAK2 drugs, particularly those that are not strictly specific for JAK2, efficiently decrease inflammation-associated symptoms-splenomegaly, fever, weight loss-without affecting the JAK2V617F burden (Hitoshi et al., 2010; Tefferi, 2010; Verstovsek, 2010) . Our study demonstrates that anti-inflammatory cytokines HGF and IL-11, as well as gp130, the signalling receptor chain common to IL-11 and IL-6, are upregulated in PV independently of JAK2V617F. In addition, TIMP-1, a molecule that controls HGF activity and has been reported to be over-expressed in primary myelofibrosis, was also found to be elevated in PV (Ho et al., 2007; Kopitz et al., 2007) . HGF, IL-11 and IL-6 are produced by JAK2WT BMMSCs and JAK2V617F-mutated erythroid progenitors; they act in cascade, activate the STAT3 pathway and stimulate myeloid hematopoiesis. Thus, two autocrine/paracrine HGF/IL-11 loops appear to cooperate in PV BM: one concerns BMMSCs, main producers of HGF in vitro; the other concerns erythroblasts, main producers of IL-11 ( Figure 6 ). Importantly, hematocrit and serum IL-11 were correlated in PV and Abs blocking IL-11 or c-MET/HGF inhibited the growth of JAK2V617F-mutated erythroblasts. No correlation was found between JAK2V617F and HGF/IL-11 levels in patients, and in vitro JAK2V617F had no effect on HGF and IL-11 mRNA expression.
Autocrine/paracrine HGF/IL-11 loops do not seem to be activated in ET as levels of HGF were only moderately increased and IL-11, an established stimulant of erythropoiesis inducible by HGF, was not detected at all in the serum of ET patients. Altogether, our data are consistent with the upregulation of both HGF and IL-11 in MPN being characteristic of PV and independent of JAK2V617F.
Consistent with independence from JAK2V617F, deregulation of HGF, IL-11 and IL-6 has been reported in other haematological malignancies, notably multiple myeloma (Derksen et al., 2003; Giuliani et al., 2004) . In both PV and multiple myeloma, BMMSCs were found to express high levels of IL-11 and IL-6, possibly in response to paracrine stimulation by HGF and IL-11 produced by malignant progenitors (Uchiyama et al., Figure 5 Effect of JAK2-V617F on HGF, IL-11 and IL-6 mRNA expression. The effect of JAK2-V617F on the mRNA expression of IL-11, IL-6 and HGF was studied in transient transfections of murine BaF-3/Epo-R cells. (a) Western blotting analyses of the expression of wild-type and V617F-mutated JAK2 in BaF-3/Epo-R cells, and effects on the tyrosine phosphorylation of JAK2, STAT5 and STAT3. (b) mRNA levels of murine IL-11 and IL-6 studied using quantitative reverse transcription-PCRs in BaF-3/Epo-R cells transiently transfected with empty vector, wild type or V617F-mutated human JAK2; another mutant, L611V/V617F, was also tested, as control. Data are expressed as number of copies of murine IL-11 and IL-6 per 1000 copies of murine RPLP0. HGF mRNA was not detected in BaF-3/Epo-R cells. Data shown are means of at least three determinations. *Mann-Whitney's rank sum test was used for data analysis; Po0.05 was statistically significant.
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M Boissinot et al 1993; Zdzisinska et al., 2008) . In PV erythroblasts as in malignant plasma cells, over-expression of HGF and IL-11 was associated with high expression of the receptors for these cytokines, c-MET and gp130. Interestingly, the receptor for HGF, c-MET, belongs to a family of socalled 'dependence receptors', which induce cell death unless they are activated by their ligand (Shinomiya et al., 2004; Bernet and Mehlen, 2007) . Inversely, disturbing the equilibrium between a dependence receptor and its ligand, either by over-expression of ligand or by deletion or inactivation of the receptor, leads to inappropriate cell survival and proliferation, accumulation of genetic abnormalities and, eventually, cell transformation-a succession of events found in solid tumors and in chronic haematological malignancies, such as MPN and multiple myeloma. This suggests that the HGF/c-MET pathway may exert a fundamental role in the maintenance of normalcy in dividing cells. Indeed, increased production of HGF is a common cellular response to hypoxia, frequent in the context of cancer and chronic inflammation (Tacchini et al., 2001; Kitajima et al., 2008) . In addition Significantly different than PV with 450% JAK2V617F, P ¼ 0.0065. Figure 6 Model for interactions between HGF, IL-11 and IL-6 in the BM of PV patients: effects on the STAT3 pathway. In PV erythroblasts, the JAK2 (WT or V617F)/STAT5 pathway is activated mainly through Epo and Epo-R. HGF and IL-11 are produced at high levels by BMMSCs (HGF) and by GPA þ erythroblasts (IL-11). IL-11 being induced by HGF; the two cytokines act in cascade as autocrine and paracrine factors that activate the JAK2/STAT3 pathway. Activation of STAT3 through HGF and IL-11, which appears to be independent of JAK2V617F, contributes to the abnormal proliferation of clonal myeloid progenitors in PV, as blocking the c-MET/HGF/IL-11 pathways inhibits the growth of JAK2V617F-mutated erythroid cells.
Cell proliferation
Role of HGF and IL-11 in Polycythemia vera M Boissinot et al to PV erythroblasts and myeloma cells, many solid tumors depend on sustained HGF/c-MET activity for their growth and survival. In consequence, HGF and c-MET have become novel targets in the therapy of solid tumors and multiple myeloma (Du et al., 2007; Sattler and Salgia, 2007; Stellrecht et al., 2007; Comoglio et al., 2008) . Our results suggest that blocking the HGF/ c-MET and IL-11 pathways could be a novel therapeutic option in PV, perhaps for those patients who are no longer controlled by phlebotomy or/and hydroxurea (Girodon et al., 2008) . In this regard, the established ability of interferon-a to suppress expression of c-MET and IL-11 may contribute to the disappearance of JAK2V617F-mutated clonal cells in PV patients treated with interferon-a (Aman et al., 1996; Radaeva et al., 2002; Kiladjian et al., 2006) .
In PV erythroblasts, over-expression of HGF and IL-11 was associated with increased expression of STAT3 and gp130, the receptor chain common to IL-11 and IL-6 responsible for intracellular signalling. According to Jenkins et al. (2005 Jenkins et al. ( , 2007 , a definite threshold of STAT3 signalling is critical for the regulation of normal hematopoiesis. These authors showed that abnormal activation of STAT3 through receptors of cytokines from the IL-6 family induced MPN-like disorders in mice, as well as an increase in expression of IL-6 and IL-11; HGF was not studied. The excellent correlations found in erythroblasts between mRNA levels of STAT3-activating molecules gp130, IL-6, HGF and those of STAT5, presumably activated in PV because of the expression of JAK2V617F, are consistent with a tight regulation of the equilibrium between the STAT3 (cell survival) and STAT5 (proliferation) pathways in these cells. By providing a growth advantage, HGF/IL-11-induced excessive activation of the STAT3 pathway likely influences phenotype in MPN, as shown recently in chronic myeloid leukemia for BCR-ABL-induced phenotypes in animal models (Coppo et al., 2009) .
Last, as deregulation of HGF and/or IL-11, gp130 and STAT3 is common to many tumoral processes, the genetic events resulting in over-expression of these molecules in PV are unlikely to be primary events causing PV, but rather, frequent parallel events that occur independently of JAK2 mutation(s) and are also found in other malignancies, as described in MPN for several cytogenetic abnormalities (Kralovics, 2008; Schaub et al., 2009) . Parallel or 'passenger' genetic events responsible for the deregulation of HGF and IL-11 would be consistent with the observations that not all PV patients show high levels of HGF, and that JAK2V617F alone does not ensure a PV phenotype nor the expansion of progenitors bearing this mutation. Candidate genes for deletion or mutation include c-MET, often mutated in cancer and leading to inappropriate cell proliferation, thus predisposing cells to acquire mutations in other genes. Other possible candidates are mutations of genes encoding for IL-11 receptors, or DNA demethylation of the promoters of the genes encoding for HGF and IL-11. One may also consider the possibility of acquired mutations of genes of the oxygen-sensing pathway, leading to increased HGF expression. In summary, as described in multiple myeloma, autocrine/paracrine anti-inflammatory HGF and IL-11 are over-expressed in PV and likely contribute to the expansion of clonal erythroblasts, in a JAK2V617F-independent manner. Consequently, the value of blocking the c-MET/HGF pathway, tested as an additional therapeutic option in multiple myeloma and in solid tumors, might be of interest in PV. Finally, the genetic events responsible for over-expression of HGF and, subsequently, of IL-11 and IL-6, deserve investigation in PV, as well as in multiple myeloma and other hematopoietic malignancies.
Materials and methods

Patients
With consent, serum and/or BM plasma samples were obtained from 122 patients at the time of diagnosis (58 PV, 37 SE, 12 IE, 15 ET). Diagnosis of PV and ET was made according to the World Health Organization criteria 2002 (Vardiman et al., 2002) . All PV had low serum Epo and endogenous erythroid colonies; all SE had elevated serum Epo, no endogenous erythroid colonies and an identified cause of SE; IE patients had normal serum Epo and no endogenous erythroid colonies. JAK2V617F status was established for 107/ 122 patients; 34/34 SE and 8/8 IE tested were negative; 48/51 PV and 5/15 ET tested were found to be positive for JAK2V617F. Serum was also obtained from 17 HD. Owing to occasional insufficient sample collection, serum and BM assays were not performed for all patients.
Cell lines UKE-1 and BaF-3/Epo-R cells were kindly provided by Dr Walter Fiedler (Hamburg, Germany) and by Dr Radek Skoda (Basel, Switzerland), respectively. Human cell lines HEL and UKE-1 were grown in RPMI and 10% foetal calf serum (FCS). Murine BaF-3/Epo-R cells were grown in RPMI, 2% FCS and 1 IU/ml Epo.
Cell preparation BM samples were centrifuged at 150 g for 10 min without brake. Supernatant ( ¼ BM plasma) was pipetted off and cell pellets were suspended in RPMI; BMMCs were separated on Ficoll medium (1.077 g). After washing, aliquots of BMMCs were either used for immediate cultures or cell purification, or frozen in dimethyl sulfoxide in liquid nitrogen. Adherent BMMSCs were obtained after 12 days of culture as described previously (Hermouet et al., 2002; Corre-Buscail et al., 2005) . Blood granulocytes were isolated from the lower interphase of a Ficoll density gradient (Dobo et al., 2004; Lippert et al., 2006) . CD34 þ cells (purity 495%), CD3 þ lymphocytes (purity 498%) and GPA þ erythroblasts (purity 498%) were purified from frozen BMMCs using Microbead kits (Miltenyi Biotec, Germany). Cell pellets were kept in 500 ml Trizol (Invitrogen, Frederick, MD, USA) and stored at À80 1C until mRNA extraction.
Quantification of JAK2WT and JAK2V617F Genomic DNA was prepared using QiaAmp DNA mini-kit (Qiagen, Valencia, CA, USA), and JAK2WT and JAK2V617F allele-specific quantitative PCRs were performed in genomic DNA and in cDNA as described (Lippert et al., 2006 (Lippert et al., , 2009 Quantitative mRNA studies of cytokines and signalling molecules Cell pellets kept in Trizol were submitted to mRNA extraction. After DNAse treatment and reverse transcription, cDNAs were kept frozen at À80 1C. Quantitative PCRs for TIMP-1, HGF, IL-11, IL-6, c-MET, gp130 (sequence common to variant forms), STAT3 and STAT5 (sequence common to a and b forms), as well as b-actin and RPLP0, used as control genes, were performed with specific primers and probes (Supplementary Table 2 ) on Rotorgene 6000 (Corbett Research, Mortlake, NSW (Inner West), Australia). Dilutions of DNA preparations of pCR4-TOPO-TA constructs (Invitrogen) containing the relevant amplicons were used as copy number standards for qPCR assays. As less variation in mRNA expression was observed for RPLP0 than for b-actin, results were expressed as mean number of copies per 1000 copies of RPLP0.
Mutagenesis and transient expression of JAK2 constructs in BaF-3/Epo-R cells Plasmid pCR2.1 containing the cDNA of JAK2WT (gift from Dr Jan Cools) was used as matrix for directed V617F mutagenesis. PCR was performed using Pfu Ultra DNA polymerase (Stratagene, Amsterdam, The Netherlands) with the following primers: forward, 5 0 -CACAAGCATTTG GTTGTAAATTATGGAGTATG-3 0 ; reverse, 5 0 -CATACTC CATTATTTACAACCAAATGCTTGTG-3 0 . PCR products were amplified into TOP 10 chemically competent bacteria (Invitrogen) and purified. Another PCR using Pfu Ultra was performed to extract WT and V617F JAK2 cDNA from plasmid pCR2.1 for cloning into pcDNA3.1. Mutagenesis was checked by sequencing. In all, 25 mg of pcDNA3.1 containing either JAK2WT or JAK2V617F cDNA was used to transfect 10 7 BaF-3/Epo-R cells using the Amaxa Nucleofector device (Amaxa, Cologne, Germany). Cells were then grown in 4 ml of RPMI medium supplemented with serum and Epo for 24 h, then harvested for immunoblotting and RT-qPCR studies. For cell signalling studies, transfected BaF-3/Epo-R cells were washed, deprived of Epo for 5 h in RPMI medium supplemented with 10% FCS, then stimulated for 10 min with Epo (25 IU/ml) in RPMI and 2% FCS, at 37 1C. Cells were harvested, washed twice in cold PBS, lysed in 60 ml RIPA buffer, then proteins (25 mg) were loaded on 10% SDS-PAGE and transferred to polyvinylidene fluoride membranes (Millipore Corporation, Billerica, MA, USA) (Corre-Buscail et al., 2005; Cleyrat et al., 2010) . After blocking with 5% non-fat dry milk, membranes were incubated with Abs specific for p-STAT5 (Zymed, San Francisco, CA, USA), p-JAK2 and p-STAT3 (Cell Signalling, Danvers, MA, USA) or b-actin (Millipore Corporation), then stripped and re-probed with Ab specific for total JAK2 (Millipore Corporation), STAT3 and STAT5 (BD Bioscience, San Jose, CA, USA). Revelation was made with BM Chemiluminescence Blotting Substrate (Roche, Mannheim, Germany).
Silencing of JAK2 expression in HEL cells 5 Â 10 4 HEL cells were incubated without, or with 10
À4
, 10 À3 , 10 À2 or 10 À1 mM of human JAK2 siRNA (Accell SMARTpool E-003146-00-0005, Thermo Fisher Scientific, Waltham, MA, USA) for 72 h and JAK2, IL-6, IL-11, HGF and RPLP0 mRNA, and protein levels were measured using the RT-qPCR and immunoblotting assays described above.
Semi-solid and liquid cultures of erythroid progenitors BFU-E clonogenic assays were performed in collagen-based medium without cytokines or with stem cell factor (25 ng/ml) and in methylcellulose (medium H4531, StemCell Inc., Vancouver, Canada) (Dobo et al., 2004; Corre-Buscail et al., 2005) . Purified BM erythroblasts were grown for 24 h in IMDM liquid medium and serum, with or without Epo, with neutralizing polyclonal Ab, used at 2 mg/ml: anti-HGF, antic-MET and anti-IL-11 Ab were from R&D. IL-8 Ab was from Endogen (Cambridge, MA, USA).
Statistical analysis
Pearson's and Spearman's rank correlation tests were used to investigate potential relationship between cytokine levels, %JAK2V617F and blood cell counts. The Mann-Whitney test was used to investigate differences in mRNA and protein levels, or groups of patients. Po0.05 was statistically significant.
